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(57) ABSTRACT

Methods and apparatus for cut-through cache memory man-
agement 1n write command processing on a mirrored virtual
volume of a virtualized storage system, the virtual volume
comprising a plurality of physical storage devices coupled
with the storage system. Features and aspects hereof within
the storage system provide for receipt of a write command
and associated write data from an attached host. Using a
cut-through cache technique, the write data 1s stored in a
cache memory and transmitted to a first of the plurality of
storage devices as the write data is stored 1n the cache memory
thus eliminating one read-back of the write data for transter to
a first physical storage device. Following receipt of the write
data and storage 1n the cache memory, the write data 1s trans-
mitted from the cache memory to the other physical storage
devices.

20 Claims, 5 Drawing Sheets
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METHODS AND APPARATUS FOR
CUT-THROUGH CACHE MANAGEMENT
FOR A MIRRORED VIRTUAL VOLUME OF A
VIRTUALIZED STORAGE SYSTEM

RELATED PATENTS

This patent claims priority to and 1s a continuation of U.S.
patent application Ser. No. 13/933,881, filed Jul. 2, 2013
which 1s a continuation of U.S. patent application Ser. No.
12/761,270, filed Apr. 15, 2010 and now U.S. Pat. No. 8,504,
766, and 1s related to commonly owned U.S. patent applica-
tion Ser. No. 12/761,452, filed Apr. 16, 2010 now U.S. Pat.
No. 8,489,940, and to U.S. patent application Ser. No. 13/930,
822 filed Jun. 28, 2013, the entire disclosures of which are

hereby incorporated by reference.

BACKGROUND

1. Field of the Invention

The mnvention relates generally to virtualized storage sys-
tems and more specifically relates to methods and apparatus
to utilize cut-through cache memory management to reduce

cache memory bandwidth utilization in writing to a mirrored
virtual volume of a virtualized storage system.

2. Discussion of Related Art

Mirrored storage volumes are known to provide enhanced
reliability for stored data. Redundant Array of Independent
Disks (RAID) management level 1 1s exemplary of well-
known mirroring techniques. A mirrored volume stores 1den-
tical copies of data on multiple physical storage devices (1.¢.,
disk drives) such that failure of one of the duplicate storage
devices does not lose data or render the storage volume 1nac-
cessible. A storage controller of the storage system typically
hides the physical storage characteristics from a user (1.e.,
from attached host systems) such that the user perceives a
standard storage volume and knows nothing of the physical
mapping of the mirrored logical volume to multiple physical
devices. A write request directed to the virtual volume 1s
processed by the storage system by generating multiple
physical write operations within the storage system to dupli-
cate the data on the multiple storage devices that comprise the
mirrored volume.

Virtualized storage systems extend the concepts of RAID
to hide physical storage aspects for many types of volumes
(whether the volume uses RAID management techniques or
not). In such virtualized storage systems, the processing to
duplicate mirrored data over a plurality of physical storage
devices that comprise a mirrored virtual volume 1s totally
performed by a control device (1.e., an appliance) coupled
with the storage system or integral within the storage system.
Some such controllers common in Fibre Channel environ-
ment (1.e., a Data Path Module or “DPM”) use a store-and-
torward (SAF) process to first store data written to the virtual
target device (1.e., directed to the mirrored virtual volume)
into a local cache memory. The controllers then read back the
data to forward the data that 1s replicated across two or more
physical targets. Due to the nature of SAF techniques (1.e.,
write once; read back multiple times), the bandwidth of the
controller available to the host 1s limited to Y4, V4, or V5 the
cache memory bandwidth when the data 1s replicated across
two, three or four physical targets, respectively. For example,
assume a controller (1.e., a DPM) has a cache memory band-
width rated at 1 GB/s. The SAF processing techniques limits
data replication across two physical storage devices to 333
MB/s (a first access to cache to store the write data followed
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by two accesses to read the cached write data back for trans-
mission to the two physical storage device that comprise a

mirrored virtual volume).

Some prior techniques have attempted to improve the per-
formance of the controller (e.g., a DPM) by using cache-less
techniques 1n a Fibre Channel (FC) storage system. “Cache-
less” cut-through mirroring techniques eliminate the need for
cache memory (and hence the cache memory bandwidth uti-
lization limitations). Such a cache-less cut-through simply
takes the inbound write data and modifies the Fibre Channel
frame header so that the frame 1s transformed and routed
directly to the plurality of physical storage devices (i.e.,
physical FC target devices). Doing so makes 1t appear to the
physical FC target devices that the source of the write data
was Irom the “virtual imitiator” of the DPM. This prior
method provides a “near-wire rate” data replication rate
across multiple physical target devices (e.g., near the full
bandwidth of the exemplary controller’s Fibre Channel sub-
system). However, this prior solution requires hardware in the
FC paths of the DPM that has the capability to replicate
inbound frames and direct them to multiple physical FC target
devices. Cache-less replication techniques such as this suffer
from the fact that all physical FC target devices must be 1in a
state ready to accept the write data. This makes the solution
highly prone to deadlock and unstable replication operations.
Write latency 1s increased since multiple targets must rendez-
vous at a common ready state (FCP_XRDY state) so that data
frames may cut-through from the virtual mnitiator.

Thus it 1s an ongoing challenge to improve (1.€., reduce)
cache memory bandwidth utilization 1n a virtualized storage
system when processing write requests to a mirrored virtual
volume.

SUMMARY

The present invention solves the above and other problems,
thereby advancing the state of the useful arts, by providing
methods and apparatus for improving performance of a vir-
tualized storage system including cache memory by using
cut-through techniques for a first of multiple physical storage
devices ol the multiple physical storage devices that comprise
a mirrored virtual volume.

In one aspect hereotf, a method 1s provided operable 1n a
virtualized storage system. The storage system comprising a
plurality of storage devices. The method comprising receiv-
ing a write command from a host system directed to a virtual
volume of the storage system. The virtual volume comprising
mirrored data on multiple storage devices. The method also
comprises detecting that a first storage device of the multiple
storage devices 1s ready to recerve write data associated with
the write command and recerving the write data from the host
system responsive to detecting that the first storage device 1s
ready to recerve write data. The method further comprises
storing the write data 1n a cache memory and transmitting the
write data to the first storage device as the write data 1s stored
in the cache memory. The method still further comprises
transmitting the write data from the cache memory to other
storage devices of the multiple storage devices.

Another aspect hereof provides a method operable 1n a
virtualized storage system. The storage system adapted to
couple with a Fibre Channel (FC) mmtiator and adapted to
couple with a plurality of physical FC target devices and
adapted to define a virtual FC mirrored volume comprising
the plurality of physical FC target devices. The method com-
prising recerving an FCP_CMD write command from the FC
initiator and transmitting a multicast FCP_CMD write com-
mand to each of the plurality of physical FC target devices
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responsive to receipt of the FCP_CMD write command. The
method also comprises receiving an FCP_XRDY from a first
physical FC target device of the plurality of physical FC target
devices to respond to the multicast FCP_CMD write com-
mand and transmitting an FCP_XRDY to the FC mitiator
responsive to receipt of the FCP_XRDY from the first physi-
cal FC target device. The method further comprises receiving
an FCP_DATA including write data from the FC initiator
responsive to transmission of the FCP_XRDY. The method
turther includes storing the write data 1n a cache memory and
transmitting an FCP_DATA including the write data to the
first physical FC target device as the write data 1s stored 1n the
cache memory. The method still further includes transmitting
an FCP_DATA including the wrte data from the cache
memory to each other FC physical target device of the plu-
rality of physical FC target devices.

Yet another aspect hereol provides apparatus 1n a virtual-
1zed storage system. The storage system adapted to couple
with a host system and adapted to couple with a plurality of
storage devices, the storage system adapted to define a mir-
rored virtual volume comprising the plurality of storage
devices. The apparatus comprising a host interface adapted to
exchange mformation with an attached host system and a
back-end interface adapted to exchange information with the
plurality of storage devices. The apparatus further comprises
a cache memory and a virtual I/O processor coupled with the
host interface and coupled with the back-end interface and
coupled with the cache memory. The virtual I/O processor
adapted to recerve write commands from the host system and
adapted to transmit write data associated with a received write
command to the cache memory and to the plurality of storage
devices. The virtual I/O engine further comprises a cut-
through cache processor and a forwarding processor. The
cut-through cache processor adapted to receive a write com-
mand and associated write data from the host system and
adapted to store the write data 1n the cache memory and
adapted to transmit the write data to a first storage device of
the plurality of storage devices as the write data 1s stored in the
cache memory. The forwarding processor adapted to transmut
the write data from the cache memory to the other storage
devices of the plurality of storage devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an exemplary virtualized
storage system enhanced in accordance with features and
aspects hereof to reduce cache memory bandwidth utilization
in access to a mirrored virtual volume.

FIG. 2 1s a flowchart describing an exemplary method in
accordance with features and aspects hereotf to reduce cache
memory bandwidth utilization 1n access to a mirrored virtual
volume of a virtualized storage system.

FIGS. 3 and 4 combined are a flowchart of another exem-
plary method 1n accordance with features and aspects hereof
to reduce cache memory bandwidth utilization in access to a
mirrored virtual volume of a virtualized storage system.

FIG. 5 1s a diagram of exemplary messages exchanged in
accordance with features and aspects hereof to reduce cache
memory bandwidth utilization 1n access to a mirrored virtual
volume of a virtualized storage system.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an exemplary virtualized
storage system 100 enhanced in accordance with features and
aspects hereot to provide improved bandwidth utilization of a
cache memory. More specifically, system 100 provides for
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“cut-through™ utilization of cache memory 102 1n the context
of multiple dependent 1/O operations responsive to a host
system 150 write request directed to a mirrored virtual vol-
ume 170 coupled with system 100. Virtualized storage system
100 includes a cache memory 102 coupled with a virtual I/O
processor 104 through memory bus 120. Virtual I/O processor
104 1s adapted to couple with a host system 150 (e.g., an
initiator) through a host interface (e.g., a port of HBA 130.1).
Virtual I/0 processor 104 1s also adapted to couple through a
back-end mterface (e.g., ports ot HBA 130.1 and HBA 130.2)
with a plurality of physical target devices 160.1 through 160.n
(e.g., storage devices such as disk drives) that comprise a
mirrored virtual volume 170. As shown 1n FIG. 1, the host
interface and the back-end interface may both utilize the same
communication media and protocol through the host bus
adapters (HBAs)130.1 and 130.2. In one exemplary embodi-
ment, host system (1nitiator) 150 as well as physical target
devices 160.1 through 160.n may utilize Fibre Channel com-
munication media and protocols and thus HBAs 130.1 and
130.2 may provide Fibre Channel interfaces for virtual 1/O
processor 104. Those of ordinary skill in the art will readily
recognize that any suitable communication media and proto-
cols may be utilized for both the host interface and the back-
end interface. Further, the host interface and back-end inter-
face may each utilize different HBAs and/or different
protocols and communication media.

Virtual I/O processor 104 may be implemented as any
suitable processing component including, for example, cus-
tomized application specific integrated circuits or suitably
programmed general/special purpose processors. In one
exemplary embodiment, virtual IO processor 104 comprises
custom circuit components adapted for rapid processing of
I/O requests recerved from host system 1350. Other compo-
nents of virtualized storage system 100 (not shown) may be
implemented as suitably programmed instructions operating
in a general/special purpose to computing device for higher-
level management and administrative functions as well as for
higher layer protocol management and I/O processing. Such
an embodiment 1s often referred to as “split path™ 1n the sense
that a fast path 1s provided by virtual I/O processor 104 to
rapidly handle most common read and write requests recerved
from a host system 150. A software implemented path (typi-
cally slower performance) provides other management and
administrative functions as well as processing of less critical
I/O requests and exception handling.

Virtual I/0 processor 104 may include a cut-through pro-
cessor component 106 adapted to mitially handle processing
ol a recerved write request from host system 150. Virtual I/O
processor 104 may also include forwarding processor com-
ponent 108 adapted to handle subsequent processing of a
received write request from host system 1350. Cut-through
processor component 106 and forwarding processor compo-
nent 108 may be implemented as custom logic circuit com-
ponents within virtual I/O processor 104. The function of
such logic circuits 1s discussed further herein below. Though
shown 1n FIG. 1 as distinct components, cut-through proces-
sor component 106 and forwarding processor component 108
may be tightly integrated with one another and with other
logic within virtual I/O processor 104 as a matter of design
choice.

In operation, virtual I/O processor 104 receirves a write
request from host system 150 via path 140. The received write
request directs the storage system 100 to prepare for a write
operation to a mirrored virtual volume 170 coupled with the
storage system 100. The associated write data 1s transmitted
to the virtual 1/O processor 104 later when the virtual 1/O
processor 104 indicates its readiness to recerve the write data.
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Uponreceipt of the write request, cut-through processor com-
ponent 106 of virtual I/O processor 104 transmits a corre-
sponding write command to each of the physical target
devices 160.1 through 160.n that comprise the identified mir-
rored virtual volume 170. The write commands are forwarded
to each physical target via a corresponding communication
path 146.1 through 146.n associated with each physical target
device 160.1 through 160.n. Following transmission of the
write commands to the various physical target devices, cut-
through processor component 106 of virtual I/O processor
104 awaits receipt of a status from a first physical device of
the plurality of physical target devices (160.1 through 160.n)
indicating 1ts readiness to receive the write data associated
with the write request from the host system 150. Each device
160.1 through 160.n may transmit 1ts readiness status via its
corresponding path 144.1 through 144.n. Though any of the
plurality of physical target devices may be the first to indicate
its readiness, assume, for this exemplary discussion, that
device 160.1 is the first device to indicate its readiness to
receive the write data.

Upon receipt of such a first ready status indication, cut-
through processor component 106 of virtual I/O processor
104 transmits a ready status indication to host system 150 via
path 142. Responsive to receipt of the ready status indication
from virtual I/O processor 104, host system 150 transmits the
write data to virtual I/O processor 104 via path 140. Respon-
stve to receipt of the write data from host system 150, cut-
through processor component 106 of virtual I/O processor
104 stores the recerved write data in cache memory 102 via
memory bus 120. Substantially simultaneous with the storing
of the write data 1n cache memory 102, cut-through processor
component 106 also transmits the write data to physical target
device 160.1 (e.g., the first responding physical target device
that indicated 1ts readiness for receipt of the write data). If the
transmission of write data to device 160.1 1s successtul,
device 160.1 transmits a response to cut-through processor
component 106 via path 144.1 indicating success 1n process-
ing the write data. Responsive to receipt of the successiul
status from device 160.1, cut-through processor component
106 applies a signal (label “A”) to forwarding processor com-
ponent 108 indicating readiness for transmission of the write
data to others of the plurality of physical target devices 160.2
through 160.n. Forwarding processor component 108 then
transmits the write data from cache memory 102 to the other
physical target devices 160.2 through 160.n via correspond-
ing paths 146.2 through 146.n. The other devices 160.2
through 160.nreturn a response to forwarding processor com-
ponent 108 indicating success or failure of the processing of
the recerved write data. As each of the other target devices
160.2 through 160.n indicate success 1n receiving the write
data, forwarding processor component 108 determines when
all physical target devices have successiully recerved the
write data. IT all physical target devices successtully receive
the write data, forwarding processor component 108 applies
its signal (label “B”) to cut-through processor component 106
which, 1n turn, transmits a successiul response to host system
150 via path 142. Conversely, if either cut-through processor
component 106 or forwarding processor component 108
detects that any of the physical target devices 160.1 through
160.n failed to successtully receive and process the transmit-
ted write data, an appropnate failure status is returned by
cut-through processor component 106 to host system 1350 via
path 142.

In one exemplary embodiment, virtualized storage system
100 provides Fibre Channel (FC) interfaces to the host system
150 (e.g., an FC 1nitiator) and to the plurality of physical FC
target devices 160.1 through 160.n. In such an FC environ-
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ment, the write request from host system 150 (e.g., an FC
initiator) and the write commands forwarded to each of the
physical FC target devices 160.1 through 160.n are transmuit-
ted as FCP_CMD frames on the corresponding Fibre Channel
paths 140 and 146.1 through 146.n. In like manner, the write
data 1s transmitted as FCP DATA frames on corresponding
Fibre Channel paths 140 and 146.1 through 146.n. Status
indicating readiness for receipt of write data 1s transmuitted as
an FCP_XRDY frame on corresponding Fibre Channel paths
142 and 144.1 through 144.n. In like manner, response status
information regarding success or failure in the transmission
of the write data 1s transmitted as FCP_ RSP frames on cor-
responding Fibre Channel paths 142 and 146.1 through 146 .n.

Those of ordinary skill in the art will readily recognize
numerous additional and equivalent circuits, modules, and
component within a fully functional virtualized storage sys-
tem 100. Such additional and equivalent circuits, modules,
and component are omitted herein for stmplicity and brevity
of this discussion.

FIG. 2 1s a flowchart describing an exemplary method 1n
accordance with features and aspects hereot operable within
an enhanced virtualized storage system such as system 100 of
FIG. 1. More specifically, the method of FIG. 2 may be
operable in the virtual 1/O processor 104 of system 100 1n
FIG. 1 and still more specifically within the cut-through pro-
cessor component 106 and forwarding processor component
108 of virtual I/O processor 104. At step 200, the virtualized
storage system receives a host write request from an attached
host system directed to a mirrored virtual volume managed by
the enhanced virtualized storage system. The addressed mir-
rored virtual volume comprises mirrored/duplicated data on a
plurality of physical storage devices (e.g., disk drives). Step
202 then awaits a first status indicator from any of the plural-
ity of storage devices indicating 1ts readiness to recerve write
data associated with the host system’s write request. Any one
of the plurality of storage devices may be the first to indicate
its readiness to receive the write data. When step 202 detects
receipt of such a first status message indicating readiness for
the write data, steps 204 through 210 provide substantially
parallel processing by the storage system to recerve the write
data and simultaneously store the write data in the cache
memory and transmit the write data to the first storage device
responding with an 1indication of its readiness to receive the
write data. The substantially parallel operation of steps 204
through 210 1s imndicated by the dashed line surrounding as
step 212. More specifically, step 204 detects whether all the
expected write data 1s expected to be recerved from the host
system. If not, step 206 receives the next portion of write data
from the host system. Step 208 stores the next recerved por-
tion of the write data 1n the cache memory, and substantially
simultaneously, step 210 transmits the received write data to
the first storage device that indicated 1ts readiness to receive
the write data. The processing of steps 204 through 210 (e.g.,
step 212) are then repeated until all the write data has been
received from the host system.

The processing steps 204 through 210, collectively, 1s often
referred to as cut-through cache memory processing in that
the received write data 1s simultaneously stored 1n the cache
memory and transmitted to the first storage device. This cut-
through cache memory processing helps reduce cache
memory bandwidth utilization by eliminating the need to read
the write data from the cache memory for transmission to at
least one of the plurality of storage devices.

Upon completion of the cut-through cache processing 1indi-
cated as step 212 (as detected by step 204), step 214 then
transmits the write data from the cache memory to the other
storage devices of the plurality of storage devices thus com-
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pleting transter of the write data from the host system to each
of the plurality of storage devices.

FIG. 3 1s a flowchart describing an exemplary method in
accordance with features and aspects hereol for improving
cache memory bandwidth utilization within a virtualized
storage system. The method of FIG. 3 provides additional
details relative to the method of FIG. 2 useful 1n the context of
Fibre Channel communications between the storage system
and the host system (e.g., an FC initiator) and between the
storage system and the storage device 1s (e.g., physical FC
target devices). Though expressed as exemplary FC commu-
nication exchanges, those of ordinary skill 1n the art wall
readily recognize that similar methods may be applied to
other communication media and protocols.

At step 300, an FCP_CMD frame 1s received at the virtu-
alized storage system from the FC initiator. The write com-
mand 1s directed to a mirrored virtual volume of the storage
system. The mirrored virtual volume comprises a plurality of
physical FC target devices (e.g., FC disk drives) on which
identical data 1s mirrored/duplicated. Step 302 then transmuits
a multicast FCP_ CMD frame write command to each of the
physical FC target devices that comprise the mirrored virtual
volume. Each multicast FCP_CMD frame may use a corre-
sponding originator exchange identifier (OX_ID) in accor-
dance with Fibre Channel standards. Step 304 than awaits
receipt of a first FCP_XRDY from a first of the physical FC
target devices indicating its readiness to receive the write data
associated with the recerved write command. Responsive to
receipt of the first FCP XRDY, step 306 transmits an
FCP_XRDY to the FC mitiator using the OX_ID of the first
responding physical FC target device indicating its readiness
to recerve the write data. Step 308 than awaits receipt of an
FCP_DATA frame from the FC mitiator indicating transmis-
sion of the write data from the FC mitiator to the storage
system. Upon receipt of the FCP_DATA frame from the FC
initiator, step 310 transmits an FCP DATA frame to the first
physical FC target device indicating 1ts readiness to receive
the write data (e.g., the physical FC target device correspond-
ing to the OX_ID previously 1dentified).

Step 312 through 318 represent substantially parallel pro-
cessing (collectively 1dentified as step 320 by the dashed line
surrounding them) to transfer the write data from the host
system to both the cache memory and the first physical FC
target device. As described above, such processing 1s often
referred to as cut-through cache processing in that the write
data received from the host system 1s applied substantially
simultaneously to both the cache memory and the first physi-
cal FC target device. Specifically, step 312 determines
whether all write data has been recerved from the FC initiator.
[T not, step 314 receives the next portion of write data from the
FC mitiator, step 316 stores the received write data in cache
memory, and step 318 substantially 1n parallel with the per-
formance of steps 314 and 316 transmits the received write
data to the first physical FC target device. Processing then
continues looping back to step 312 until all of the write data
1s recerved from the FC imitiator.

Upon completion of the cut-through cache processing of
step 320, step 322 awaits receipt of an FCP_RSP frame from
the first physical FC target device indicating success or failure
of receipt and processing of the write data. Step 324 then
determines whether the recertved FCP RSP frame indicates
success or failure by the first physical FC target device. If the
first physical FC target device indicated a failure response,
step 326 returns an FCP_RSP failure status to the FC nitiator
using the same OX_ID identified 1n accordance with the Fibre
Channel protocols. Since the first physical FC target device
tailed to successtully receive and/or record the write data, a
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failure response may be returned to the FC mitiator without
attempting to transmit the write data to the other physical FC
target devices.

If step 324 determines that the first FC target device suc-
ceeded 1n recording the received write data, processing con-
tinues at label “A” of FIG. 4. Step 328 in FI1G. 4 then transmits
an FCP_DATA frame with the write data retrieved from the
cache memory to each of the other physical FC target devices
that comprise the mirrored virtual volume. Step 330 then
awaits receipt of an FCP_RSP frame from one of the other
physical FC target devices that recerved the write data by
operation of step 328. Responsive to receipt of such an
FCP_RSP frame from one of the other physical FC target
devices, step 332 determines whether the response 1indicates
success or failure. If the response indicates failure, step 334
returns an FCP_RSP frame indicating failure to the FC 1ni-
tiator again using the OX_ID previously 1dentified 1n accor-
dance with Fibre Channel protocols. If the received response
indicates success, step 336 next determines whether all physi-
cal FC target devices have responded to the transmission of
the write data. If not, processing continues looping back to
step 330 to await receipt of a next FCP_RSP frame from yet
another physical FC target device. Once all FC target devices
have responded indicating success, step 338 returns an
FCP_RSP frame indicating successful completion of the
write command to the FC initiator again using the OX_ID
previously identified.

In accordance with Fibre Channel protocols, 1t 1s important
that communications with the FC mitiator utilize a single
exchange ID typically referred to as the responder exchange
ID (RX ID). The OX ID associated with the first responding
physical FC target device may therefore be selected as indi-
cated by the method of FIGS. 3 and 4 as the “primary”
exchange ID and thus utilized as the RX_ID in communica-
tions with the FC inmitiator. As a matter of design choice, any
particular exchange ID may be selected for communications
with the FC mitiator. Where the virtualized 1/0 processing
described in FIGS. 3 and 4 1s designed to be mtegrated with
other legacy logic circuits or modules, 1t may be important to
select a particular exchange ID for purposes of exception
processing, retry handling, etc. in cooperation with the legacy
logic. Thus, the selection of the OX_ID associated with the
first responding physical FC target device as described 1n
FIGS. 3 and 4 1s merely exemplary of one possible embodi-
ment for implement features and aspects hereof to allow
integration with other legacy logic of the virtualized storage
system.

Those of ordinary skill 1n the art will readily recognize
numerous additional and equivalent steps that may be pro-
vided in the methods of FIGS. 2 through 4 1n a fully functional
virtualized storage system. Such additional and equivalent
steps provide may provide, for example, processing of well-
known features for administration of the virtualized storage
system, for error and exception handling, etc. Such additional
and equivalent steps are omitted herein for brevity and sim-
plicity of this discussion relating to features and aspects
hereof.

FIG. 5 1s a diagram describing operation of an exemplary
enhanced virtualized storage system by way of exemplary
message exchanges between various components of the
enhanced system as presented, for example, 1n FIG. 1. Each
vertical line 1n FIG. S represents a component of the enhanced
system that transmits and/or recerves a message. A label
identifying the component with respect to the exemplary vir-
tualized storage system of FIG. 1 1s presented at the top of
cach vertical line. Horizontal arrows 1n FIG. 3 represent the
transmission and corresponding receipt of one or more 1den-
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tified messages associated with operation of the enhanced
virtualized storage system. The messages shown 1n FIG. 5
represent an exemplary embodiment utilizing Fibre Channel
communications between an FC initiator 150 (e.g., a host
system) and the virtual I/O processor 104 of the enhanced
virtual storage system and between the virtual 1/0O processor
104 and the various physical FC target devices 160.1 through
160.n. Those of ordinary skill in the art will readily recognize
similar messages that may be exchanged in accordance with
teatures and aspects hereof utilizing other communication
media and protocols.

Message 500 represents the transmission of an FCP_CMD
frame for a write request from the FC mitiator 150 to the
virtual I/O processor 104 of the enhanced virtualized storage
system. The write request frame indicates the desire of the FC
initiator 150 to commence processing for writing data on an
identified virtual volume within the enhanced virtualized
storage system. Responsive to receipt of the write request,
virtual I/O processor 104 sends messages 502 to each of the
physical FC target devices 160.1 through 160.n that comprise
the i1dentified mirrored virtual volume. In particular, an
FCP_CMD frame i1s transmitted from the virtual I/O proces-
sor 104 to each of physical FC target devices 160.1 through
160.n. The FCP_CMD frames transmitted to each FC target
may be transmitted substantially 1n parallel or may be trans-
mitted sequentially. After each physical FC target device has
received 1ts write command, one of the physical FC target
devices will be a first device to respond to the virtual 1/0
processor 104 indicating 1ts readiness to receive the write data
associated with the write command. Message 504 represents
transmission ol an FCP_XRDY frame to virtual I/O processor
104 from a first such FC target indicating 1ts readiness to
receive write data. For example, physical FC target device
160.1 transmits an FCP_XRDY frame to virtual I/O processor
104 indicating that it 1s ready to receive the write data corre-
sponding to the write command. Those of ordinary skill in the
art will readily recognize that any of the plurality of physical
FC target devices 160.1 through 160.n may be the first such
device to respond indicating 1ts readiness. Thus, device 160.1
being the first responder 1s intended merely as exemplary for
purposes of this discussion.

Responsive to receipt of the first such ready status message,
virtual I/0 processor 104 sends a message to FC 1nitiator 150
indicating 1t 1s ready to receive the write data corresponding
to the write request. Specifically, virtual 1/0O processor 104
transmits an FCP_XRDY frame 506 to the FC mitiator 150
indicating that virtual I/0 processor 104 1s ready to receive
the write data. Responsive to receipt of the ready status from
the virtual I/O processor 104, FC mitiator 150 sends a mes-
sage 508 to the virtual I/0 processor 104 providing the write
data. Specifically, FC initiator 150 transmits an FCP DATA
frame along with the write data to virtual I/O processor 104.
As idicated by the sequence of arrows comprising message
508, virtual I/O processor 104 records the received write data
in the cache memory 102 and, substantially simultaneously,
transmits the received write data to the first responding physi-
cal FC target device 160.1. As noted above, this cut-through
cache processing reduces cache memory bandwidth utiliza-
tion by eliminating the need to read the write data from the
cache memory for at least one of the plurality of physical FC
target devices that comprise the mirrored virtual volume.

Following transmission of the write data to the first physi-
cal FC target device 160.1 (substantially simultaneous with
storing of the write data in the cache memory 102) first
responding physical FC target device 160.1 sends a status
message 510 indicating success or failure in receipt and recor-
dation processing of the write data. Specifically, first respond-
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ing physical FC target device 160.1 transmits an FCP_RSP
frame to virtual I/O processor 104 indicating 1ts success or
failure. The remainder of this discussion of FIG. 5 presumes
that the response indicates a successiul completion. Those of
ordinary skill 1n the art will readily recognize corresponding
message exchanges relating to a failed status as discussed
above with respect to FIGS. 1 through 4.

Presuming a successiul response 1s received from the first
physical FC target device 160.1, virtual I/O processor 104
awaits 1ndication from each of the other physical FC target
devices that each device 1s ready for receipt of the write data.
Messages 512 and 514 represent transmission of FCP_XRDY
frames from each of the other physical FC target devices
(160.2 through 160.n). Those of ordinary skill in the art will
recognize that the FCP_XRDY frames transmitted 1in mes-
sages 512 and 514 from each of the other physical FC target
devices may be recerved at any time following the transmis-
s1on of the write command to each of the devices as indicated
above inmessage 302. Responsive to receipt of a ready status
from each of the other physical FC target devices, virtual I/O
processor 104 sends the write data as message 516 from the
cache memory (where the write data was previously stored by
message 508) to each of the other physical FC target devices.
Specifically, message 316 comprises transmission of
FCP_DATA frames including the write data read from the
cache memory 102 to each of the other physical FC target
devices 160.2 through 160.n. Following transmission of the
write data to each of the other physical FC target devices,
virtual I/0 processor 104 awaits receipt of a status response
from each of the other physical FC target devices. Messages
518 and 520 represent transmission of FCP_RSP frames from
cach of the other physical FC target devices 160.2 through
160.n back to the virtual 1/O processor 104. Presuming each
of the other physical FC target devices responds with a suc-
cessiul status, virtual I/0 processor 104 sends a message 522
to the FC mitiator indicating success of the write request.
Specifically, virtual I/O processor 104 transmits to FC 1nitia-
tor 150 an FCP_RSP frame indicating successtul completion
of the original write request.

As noted above, other messages may be exchanged respon-
stve to a failure status message from any of the plurality of
physical FC target devices 160.1 through 160.n. In particular,
a failure message 1n the response (message 510) from the first
physical FC target device may result 1in transmission of a
failure response directly to the FC imitiator 150 by virtual I/O
processor 104 without further processing of the received
write data by any of the other physical FC target devices 160.2
through 160.n. In addition, as noted above, the cut-through
cache memory processing associated with transmission of
write data to the first FC target device 160.1 may also include
simultaneous transmission to others of the plurality of physi-
cal FC target devices that indicate their readiness to recerve
the write data in time for the write data transmaission (message
508) from the FC mitiator 150. Other physical FC target
devices that have not so indicated their readiness may recerve
the write data later as indicated by message 516 from the write
data read from the cache memory 102. Further, those of
ordinary skill in the art will readily recognize that the message
exchanges depicted 1n FIG. 5 may encompass any number of
physical FC target devices that comprise the mirrored virtual
volume.

While the 1invention has been illustrated and described 1n
the drawings and foregoing description, such illustration and
description 1s to be considered as exemplary and not restric-
tive 1n character. One embodiment of the invention and minor
variants thereot have been shown and described. In particular,
teatures shown and described as exemplary software or firm-
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ware embodiments may be equivalently implemented as cus-
tomized logic circuits and vice versa. Protection 1s desired for
all changes and modifications that come within the spirit of
the invention. Those skilled 1n the art will appreciate varia-
tions of the above-described embodiments that fall within the
scope of the invention. As a result, the invention 1s not limited
to the specific examples and 1llustrations discussed above, but
only by the following claims and their equivalents.

What 1s claimed 1s:

1. A method comprising:

detecting that a first storage device of a plurality of storage

devices associated with a mirrored virtual volume 1is
ready to receive write data;

receiving first write data from a host system, the first write

data being associated with a write command;
storing the first write data 1n a cache memory;
transmitting the first write data to the first storage device as
the first write data 1s stored 1n the cache memory; and

transmitting the first write data from the cache memory to
other storage devices of the plurality of storage devices
alter completion of the transmitting of the first write data
to the first storage device.

2. The method of claim 1, further comprising;

receiving second write data from the host system, the sec-

ond write data being associated with the write com-
mand;
storing the second write data 1n the cache memory; trans-
mitting the second write data to the first storage device as
the second write data 1s stored 1n the cache memory; and

delaying transmitting of the first and second write data
from the cache memory to the other storage devices until
alter completion of the transmitting of the first and sec-
ond write data to the first storage device.

3. The method of claim 1, further comprising detecting that
the transmission of the first write data to the first storage
device was successiul.

4. The method of claim 3, wherein the step or transmitting,
the first write data from the cache memory to the other storage
devices further comprises transmitting the first write data
from the cache memory to other storage devices responsive to
detecting that the transmission of the first write data to the first
storage device was successiul.

5. The method of claim 2, further comprising;

detecting that the transmission of first write data to the

other storage devices was successiul; and

returning a successiul status to the host system 1n response

to detecting that t he transmission of the first write data
was successiul to all of the plurality of storage devices.

6. The method of claim 3, further comprising returning a
failure status to the host system 1n response to detecting that
transmission of the first write data to any of the plurality of
storage devices failed.

7. The method of claim 1, further comprising transmitting,
an idication to the host system that the first storage device 1s
ready to receive write data.

8. The method of claim 7, wherein the receiving of the first
write data 1s responsive to the transmitted indication.

9. The method of claim 1, further comprising;

detecting that a second storage device of the plurality of

storage devices 1s ready to receive write data; and
turther delaying transmitting of the first write data to the

second storage device until the second storage device 1s
ready to receive write data.
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10. An apparatus comprising;:

a host interface adapted to exchange information with a

host system:;

a back-end interlace adapted to exchange mnformation with

a plurality of storage devices;
a cache memory; and
a processor coupled with the host interface, the back-end
interface, and the cache memory, the processor config-
ured to:
detect that a first storage device of the plurality of stor-
age devices associated with a mirrored virtual volume
1s ready to receive write data;
receive first write data front the host system, the first
write data being associated with a write command;
store the first write data 1n a cache memory;
transmit the first write data to the first storage device as
the first write data 1s stored 1n the cache memory; and
transmuit the first write data from the cache memory to
other storage devices of the plurality of storage
devices 1n response to completion of the transmission
of the first write data to the first storage device.

11. The apparatus claim 10, wherein the processor 1s fur-
ther configured to:

recerve second write data from the host system, the second

write data being associated with the write command;
store the second write data in the cache memory;
transmit the second write data to the first storage device as
the second write data 1s stored in the cache memory; and
delay transmission of the first and second write data from
the cache memory to the other storage devices until after
completion of the transmission of the first and second
write data to the first storage device.

12. The apparatus of claim 10, wherein;

the host interface 1s a Fibre Channel (FC) interface;

the host system 1s a FC initiator;

the back-end interface 1s a FC interface:; and

the plurality of storage devices are a plurality of physical

FC target devices.

13. The apparatus of claim 10, wherein the processor 1s
turther configured to detect that the first write data was suc-
cessiully transmitted to the first storage device.

14. The apparatus of claim 10, wherein the processor 1s
further configured to:

detect that a second storage device of the plurality of stor-

age devices 1s ready to recerve write data; and

turther delay transmission of the first write data to the

second storage device until the second storage device, 1s
ready to recerve write data.
15. The apparatus of claim 10, wherein the processor 1s
turther configured to transmit an 1ndication to the host system
that the first storage device 1s ready to recerve write data.
16. The apparatus of claim 15, wherein the receiving of the
first write data 1s responsive to the transmitted indication.
17. A method comprising:
detecting, by a processor 1n a storage controller, that a first
storage device ol a plurality of storage devices associ-
ated with a storage system 1s ready to write data;

recerving, via a host intertace, data from a host system, the
data being associated with a write command,;

storing the data 1n a cache memory;

transmitting, via a back-end interface, the data to the first

storage device while the data 1s being stored 1n the cache
memory; and

transmitting, via the back-end interface, the data front the

cache memory to other storage devices of the plurality of
storage devices alter completion of the transmitting of
the data to the first storage device.
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18. The method of claim 17, further comprising transmit-

ting, via the host interface, an 1nc
that the first storage device 1s reac

1cation to the host system
y to write data.

19. The method of claim 18, w]

nerein the receiving of the

data 1s responsive to the transmitted indication. 5
20. The method of claim 17, further comprising:
Detecting, by the processor, that a second storage device of

the plurality of storage devices 1s ready to write data; and
further delaying transmitting of the data to the second
storage device until the second storage device 1s ready to 10

write data.
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